The near-field spectral response of metallic nanocavities is a key characteristic in plasmon-assisted photophysical and photochemical processes. Here, we show that the near-field spectral response of an optically excited plasmonic scanning tunneling microscope (STM) junction can be probed by single-molecule reactions that serve as a nanoscale sensor detecting the local field intensity. Near-field action spectroscopy for the cis ↔ cis tautomerization of porphycene on a Cu(110) surface reveals that the field enhancement in the STM junction largely depends on microscopic structures not only on the tip apex, but also on its shaft. Using nanofabrication of Au tips with focused ion beam, we show that the spectral response is strongly modulated through the interference between the localized surface plasmon in the junction and propagating surface plasmon polariton generated on the shaft. Furthermore, it is demonstrated that the near-field spectral response can be manipulated by precisely shaping the tip shaft. N anostructures made of coinage metals strongly interact with visible light through excitation of localized surface plasmon resonance (LSPR) and nanocavities are of particular interest due to extreme confinement and enhancement of an electromagnetic field.
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ABSTRACT: The near-field spectral response of metallic nanocavities is a key characteristic in plasmon-assisted photophysical and photochemical processes. Here, we show that the near-field spectral response of an optically excited plasmonic scanning tunneling microscope (STM) junction can be probed by single-molecule reactions that serve as a nanoscale sensor detecting the local field intensity. Near-field action spectroscopy for the cis ↔ cis tautomerization of porphycene on a Cu(110) surface reveals that the field enhancement in the STM junction largely depends on microscopic structures not only on the tip apex, but also on its shaft. Using nanofabrication of Au tips with focused ion beam, we show that the spectral response is strongly modulated through the interference between the localized surface plasmon in the junction and propagating surface plasmon polariton generated on the shaft. Furthermore, it is demonstrated that the near-field spectral response can be manipulated by precisely shaping the tip shaft. N anostructures made of coinage metals strongly interact with visible light through excitation of localized surface plasmon resonance (LSPR) and nanocavities are of particular interest due to extreme confinement and enhancement of an electromagnetic field. 1 The LSPR excitation also leads to the (re)emission of a photon, the generation of hot carriers, and local heating. 2 These consequences contribute to plasmonmediated photochemical processes such as surface enhanced spectroscopy, 3 near-field-induced charge transfer and separation, 4, 5 and photochemical reactions. 6 The hot-carrier generation plays a crucial role in plasmon-induced processes such as enhanced photocurrent generation and photocatalysis. 7 The energy distribution and dynamics of the plasmon-induced hot carriers govern the subsequent processes, which are determined by material, size, and shape of nanostructures 8 and theoretical studies have provided valuable insights into the microscopic mechanisms. 9 However, the underlying mechanisms of plasmon-induced carrier formation remain poorly understood because it is difficult to directly observe such a nonradiative decay due to the lack of appropriate experimental methods.
For plasmon-induced photochemical reactions, the hotcarrier mediated mechanism is considered to be dominant in many cases. 10−12 A more-recent study also addresses quantifying the relative contribution between plasmon-induced hot carriers and thermal activation. 13 In plasmonic catalysis, the microscopic reaction mechanism also depends on the local adsorption structure and electronic state of molecules as well as the local field enhancement over plasmonic nanostructures. However, the direct observation of plasmon-induced reactions is still a challenging task. Low-temperature scanning tunneling microscopy (STM) combined with optical excitation has recently demonstrated its unique capability to investigate plasmon-induced reactions at the single-molecule level. 14, 15 Our previous study shows that the single-molecule tautomerization of porphycene can be largely enhanced by the plasmon-induced hot-carrier generation, and the wavelengthdependent reaction cross-section, what we call near-field action spectroscopy, can reveal the near-field spectral response in a plasmonic STM junction. 14 We also found that the near-field action spectrum, corresponding to the spectral response of the gap plasmon, is sensitive to the tip. 14 Although it has been well-known from both experiment and theory that the spectral response of gap plasmons in STM junctions is susceptive to the tip shape, 16−19 the correlation between the microscopic tip shape and the local field enhancement remains imperfectly understood. Here we examine the role of the microscopic tip structure in great detail using near-field action spectroscopy in combination with nanoscale tip fabrication by using a focused ion beam (FIB). It is revealed that microscopic structures not only on the tip apex but also on its shaft largely affect the local field enhancement in the optically excited junction. Our results demonstrate that single-molecule reactions in a plasmonic STM junction serve as a nanoscale sensor to detect the localized field and that the interference between the LSP in the junction and propagating surface plasmon polaritons (SPPs) generated on the tip shaft strongly modulates the near-field spectral response in the junction. Figure 1a shows STM images of a single porphycene molecule on the Cu(110) surface at 5 K, where the molecule adsorbs in the cis configuration and flips between two mirrorreflected states via the cis ↔ cis tautomerization. 20 Figure 1b displays the schematic of the experiment. The lateral tip position was fixed over the molecule at the location indicated in Figure 1a . The bias voltage was set below the threshold of tunneling electron-induced tautomerization (<|150| mV), and thermal excitation is negligible at 5 K. 21 The junction was then illuminated by a wavelength-tunable laser to induce the tautomerization. Although thermal expansion of the tip (and sample) occurred upon illumination, the feedback control of the STM ensured avoiding destruction of the junction. This thermal expansion equilibrated in about 10−20 min after starting the illumination. All subsequent measurements were conducted under stationary conditions. We used a ∼2 mm beam spot with a homogeneous top-hat profile to minimize possible systematic errors arising from the beam alignment with respect to the STM junction. 22 The tautomerization under the tip can be monitored by a change in the tip height, manifested as a random telegraph signal between two states ( Figure 1c ). The tautomerization rate was obtained by statistical analysis of the dwell time of the "high" and "low" states. Note that the transition of "high"→ "low" and "low"→ "high" is not equivalent due to the presence of the tip that breaks the symmetry of the system and each tautomerization rate is denoted by R H→L and R L→H , respectively. The near-field induced process shows a linear dependence on the incident laser power (Figure 1d ), indicating that the reaction occurs via a single-photon process. Figure 2 shows the lateral tip position dependence of the tautomerization rate by near-field excitation and by injection of tunneling electrons from the STM. In both cases, the rate rapidly decreases as the tip moves laterally away from the molecule. The distribution of the tautomerization rate appears to correlate with the STM appearance of the molecule, i.e., the local density of states. This result indicates that the hot-carrier transfer between the molecule and the tip apex via tunneling plays a dominant role in the near-field induced process, which is consistent with our previous study on Cu(111). 14 We recorded the near-field action spectra, and the reaction cross-section was obtained by:
where t ill is the illumination duration and n ph the incident photon fluence. Figure 3 shows the action spectra measured with electrochemically etched Au and W tips. The crosssection for the Au tip is much larger than for W because of the strong field enhancement arising from surface plasmon excitation of an Au tip. 23 The decrease of the cross-section above ∼2 eV results from quenching of surface plasmon excitation at the onset of the interband transition of the Cu substrate (2.03 eV).
14 Remarkably, the near-field action spectra exhibit many narrow peaks and a qualitatively similar spectral feature is observed for all tips prepared by standard electrochemical etching. 24 The inset of Figure 3 shows the action spectra obtained with other Au tips that also exhibit multiple peaks, but their position and intensity differ for each tip. The spectral feature is reproducible unless the tip conditions (shape) are changed by a strong tip forming procedure. A multiple-peak feature has been observed in 
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Letter previous STM-induced luminescence (STML) experiments, and the energy intervals between the adjacent peaks were in the range between 0.1−0.5 eV (e.g., ref 18) , which are assigned to the resonant LSP modes in the junction with a different order. However, this mechanism cannot explain the multiple peaks in our near-field action spectra because the peak intervals are much smaller.
We also carried out near-field action spectroscopy for a totally different molecular species, namely a hydroxyl dimer (OH) 2 on Cu(110) (Figure 4a ). The hydroxyl dimer flips between two orientations and the threshold voltage of ∼170 mV 25 is comparable to that of the cis ↔ cis tautomerization of porphycene on Cu(110). 21 Figure 4b shows the action spectra recorded for porphycene and (OH) 2 coadsorbed nearby. The cross-section in the near-field action spectroscopy (except for 
Letter Figure 3 ) represents the total cross-section that is obtained by analyzing the dwell time without distinguishing the "high" → "low" and "low" → "high" processes. This procedure provides smaller statistical errors but does not change significantly change the spectral features. Both species were measured one after the other under identical tip conditions. The spectra exhibit very similar peak positions for porphycene and (OH) 2 , thus indicating that the multiple peaks cannot be attributed to molecular properties but to near-field properties of the junction. A difference in the relative intensity between the respective peaks presumably arises from the different electronic structure of porphycene and (OH) 2 . This result also corroborates that the direct excitation mechanism plays a negligible role because the transition dipole moment of porphycene and (OH) 2 should be considerably different.
As seen in Figure 3 , the near-field action spectra are different from tip to tip, which implies that the tip structure governs the spectral response of the local field enhancement in the junction. Figure 5a ,b displays high-resolution scanning electron microscope (SEM) images of an Au tip electrochemically etched from a polycrystalline wire, revealing microscopic structures (surface roughness) on the tip shaft. We speculate that this surface roughness is the cause of the observed spectral fingerprint (multiple-peak feature) in the near-field action spectra. Light can couple to surface plasmons through surface roughness. 26, 27 Given the experimental setup (the tip is homogeneously illuminated by a laser beam with a spot size of ∼2 mm), surface plasmons can be excited not only in the junction but also on the tip shaft. The SPPs launched on the shaft will undergo random multiple scattering due to the surface roughness and yield a near-field speckle pattern (strong intensity fluctuation), which sensitively depends on the excitation wavelength. Such near-field fluctuations have been observed on disordered (rough) surfaces by SNOM 28−30 and have been analyzed theoretically. 31 We assume that the SPPs generated on the shaft travel toward the apex and interfere with the LSP in the junction, resulting in the strong spectral fluctuation (Figure 3 ).
To systematically examine the impact of the surface roughness of the tip, we exploited FIB milling to fabricate Au tips with a sharp apex and an extremely smooth shaft (surface roughness of <5 nm), as shown in Figure 5c (denoted hereafter as FIB-tip). Surface plasmon excitation by optical irradiation should be suppressed on this smooth shaft. Figure  5d ,e shows the near-field action spectra obtained by the FIBtips with a smoothed shaft length (L) of about 20 and 50 μm, respectively. The action spectra reveal two distinct regimes: a broad single peak around 2 eV and multiple peaks in the nearinfrared (NIR) range (the boundary is indicated by the dashed line in the figures). We explain the emergence of these two regimes as a consequence of the relative contributions from the LSP in the junction and propagating SPPs from the shaft. The broad peak can be assigned to the unperturbed LSP, and its spectral profile is consistent with the STML spectrum. 32 However, the near-field speckle has not been observed in STML. This can be explained by the fact that in STML, the LSP is exclusively excited in the junction via inelastic electron tunneling, 33 and therefore, it is free from the interference with the propagating SPPs from the shaft, as opposed to spatially extended illumination of the tip in near-field action spectroscopy. At lower photon energies, the multiple peaks occur due to interference of the LSP with propagating SPPs excited at the unprocessed part of the FIB-tip. The resulting SPPs can travel along the smoothed shaft and eventually interfere with the LSP. The propagation length of SPPs is inversely proportional to the excitation photon energy. 34 Therefore, at a relatively large photon energy (∼2 eV), the SPPs excited at the unprocessed part substantially decay before reaching the tip apex and the LSP mode dominates the spectral response of the action spectrum. When the smoothed shaft length becomes longer, the SPPs need to travel a larger distance to interfere with the LSP in the junction and, thus, the contribution from the SPPs shifts to a lower photon energy, as seen in Figure  5d ,e. We anticipate that the near-field speckle will disappear when the incident beam spot is reduced so that it becomes smaller than the polished shaft length of the FIB-tips.
We also measured the dependence of the action spectrum on the incident light polarization for the 50-μm polished FIBtip (Figure 5e) . The cross-section is much smaller when the incident beam was polarized perpendicular to the tip axis (spolarization) than that for parallel polarization (p-polarization), indicating weak coupling of the s-polarized light 
Letter with the surface plasmons. In addition, for s-polarized light, the LSP feature around 2 eV is absent, whereas the speckle feature appears at the lower photon energy range (see the inset of Figure 5e ). This indicates that the LSP mode does not contribute to the field enhancement in the junction and the spectral response is governed by the SPPs.
Finally, we examine controlling modulation of the near-field response in the junction by fabricating a single groove on the smoothed shaft, which acts as both coupler and scatterer for SPPs. Figure 6a displays an SEM image of an Au tip with a groove (width of ∼735 nm and depth of ∼200 nm) located at a ∼5 μm distance from the apex (the total polished length is ∼70 μm). Figure 6b shows the near-field action spectrum obtained with this tip, and the spectral response differs either from the unprocessed tips (Figure 3) or from the polished FIBtips (Figure 5d,e) . In particular, the sharpness of multiple peaks is more moderate for the grooved tip than for the others (see the Supporting Information).
The well-defined geometry of the grooved tip allows us to simulate the field enhancement in the junction. To gain insights into the interference mechanism, we numerically calculated the spectral response for a simple two-dimensional model using a finite element method, implemented with COMSOL 5.3, RF module. The experimental geometry was approximated by a radially symmetric, spatially extended plane wave excitation (p-polarized) of an Au tip located at 0.6 nm distance from a Cu surface. The structural parameters of the tip were approximated from the SEM micrograph (Figure 5c ). We found that a taper angle of 3°, apex diameter of 70 nm, groove position of 4.7 μm from the apex, and incident illumination angle of 61.5°show good agreement with the experimental result (the top panel in Figure 6b ). The difference between the experimental and simulated spectra as well as the deviation of the tip structure and incident beam angle (nominally 65°in the experiment) will be acceptable for the simple model here. Figure 6c ,d displays a two-dimensional map of the electric field intensity calculated for 766 and 810 nm incident wavelength, corresponding to a local maximum and minimum of the field enhancement, respectively. The simulations show that surface plasmon standing waves are formed on the tip shaft through the excitation and reflection of the SPPs by the groove. As a consequence, depending on the incident photon energy, either constructive or destructive interference occurs in the junction and yields a specific modulation of the local field enhancement. A similar surface plasmon standing wave has been observed for nanowires 35−39 and a nanotip. 40 In summary, we demonstrated that single-molecule tautomerization of porphycene acts as a nanoscale sensor to detect the near field in the optically excited STM junction. Near-field action spectroscopy revealed the strongly modulated spectral response for electrochemically etched Au tips. 
Letter Controlled experiments using nanofabrication of Au tips with FIB elucidated that the localized field in the junction sensitively depends on nanoscale structures not only on the tip apex, but also on its shaft. It was also shown that the spectral modulation can be controlled by precisely shaping the tip shaft. As an example, we produced a single groove on a smooth tip shaft to yield a standing wave formation of the SPPs on the shaft and a specific interference with the LSP in the junction. The local field enhancement in (sub)nanometric cavities is of particular interest in ultrasensitive near-field spectroscopy, 41 which exhibits an extremely high spatial resolution, even at the submolecular level. 42, 43 Single-molecule near-field sensor will be useful to examine the nature of extremely confined light.
■ METHODS
All experiments were performed in an ultrahigh-vacuum chamber (base pressure of <10 −10 mbar), equipped with a low-temperature STM. The near-field action spectroscopy was conducted with a modified Omicron LT-STM combined with a wavelength tunable laser (Supercontinuum source from NKT Photonics) that provides a spectral bandwidth of 6−8 nm in the visible and <5 nm in the red to NIR range. The bias voltage was applied to the tip (denoted as V t ). The Cu(110) surface was cleaned by repeated cycles of argon ion sputtering and annealing to 700−800 K. Porphycene molecules were deposited from a Knudsen cell (at an evaporation temperature of 450−500 K). The STM tips were made from polycrystalline Au and W wires by electrochemical etching. We used an FEI Helios NanoLab G3 FIB-SEM DualBeam system for the FIB milling of the Au tips (see the Supporting Information for details).
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